Members of the histone-like nucleoid-structuring (H-NS) family of proteins have been shown to play important roles in silencing gene expression and in nucleoid compaction. In Pseudomonas aeruginosa, the two H-NS family members MvaT and MvaU are thought to bind the same AT-rich regions of the chromosome and function coordinately to control a common set of genes. Here we present evidence that the loss of both MvaT and MvaU cannot be tolerated because it results in the production of Pf4 phage that superinfect and kill cells or inhibit their growth. Using a ClpXP-based protein depletion system in combination with transposon mutagenesis, we identify mutants of P. aeruginosa that can tolerate the depletion of MvaT in an ⌬mvaU mutant background. Many of these mutants contain insertions in genes encoding components, assembly factors, or regulators of type IV pili or contain insertions in genes of the prophage Pf4. We demonstrate that cells that no longer produce type IV pili or that no longer produce the replicative form of the Pf4 genome can tolerate the loss of both MvaT and MvaU. Furthermore, we show that the loss of both MvaT and MvaU results in an increase in expression of Pf4 genes and that cells that cannot produce type IV pili are resistant to infection by Pf4 phage. Our findings suggest that type IV pili are the receptors for Pf4 phage and that the essential activities of MvaT and MvaU are to repress the expression of Pf4 genes.
T
he histone-like nucleoid-structuring protein (H-NS) is a key global regulator of transcription that is found in many different Gram-negative bacteria. This small and abundant DNA-binding protein functions to repress the expression of hundreds of target genes and is also thought to play a role in DNA compaction, possibly through its well-documented ability to bridge the DNA (13, 16, 39) . To silence gene expression, H-NS is thought to first bind to specific sites on the DNA with high affinity and then oligomerize across adjacent AT-rich regions (6) . The resulting nucleoprotein complex represses the expression of target genes by preventing RNA polymerase from gaining access to the promoter or possibly by trapping RNA polymerase at certain promoters (16, 17) .
Genome-wide location analyses performed in both Salmonella enterica and Escherichia coli reveal that H-NS exhibits a distinct preference for AT-rich regions of the DNA (22, 33, 37, 42) . By binding preferentially to and silencing these regions, H-NS is thought to provide a mechanism for limiting the potentially deleterious effects of xenogeneic DNA, such as the DNA found on pathogenicity islands and acquired by horizontal transfer (1, 17, 37, 38) . Indeed, in Salmonella, the ability of H-NS to repress the expression of genes housed on pathogenicity islands, whose DNA characteristically has a higher AT content than the rest of the genome, is essential for normal cell growth (33) .
Pseudomonas aeruginosa is an important opportunistic pathogen of humans that is renowned for being the principal cause of morbidity and mortality in cystic fibrosis (CF) patients (21) . In the CF lung, this Gram-negative bacterium persists as a biofilm and produces a plethora of virulence factors that it uses to intoxicate the host (49) . A central player in the control of virulence gene expression in P. aeruginosa is MvaT, one of the two H-NS family members found in this organism. MvaT was originally identified as a global regulator of virulence gene expression in P. aeruginosa (15) , and subsequent microarray studies revealed that MvaT controls the expression of at least 150 or so genes (58, 64) . MvaU is the second H-NS family member in P. aeruginosa, is less abundant than MvaT, and can interact with MvaT (58, 59) . Although MvaT and MvaU bear little sequence identity to their enteric counterparts, certain predicted structural similarities and known functional similarities suggest that they belong to the H-NS family (8, 9, 13, 55, 56, 58, 59 ). MvaU appears to play a less prominent role in the control of gene expression in P. aeruginosa than MvaT (58, 59) . However, the individual contributions of MvaT and MvaU to the control of gene expression are muddied by the fact that these proteins negatively regulate one another's production (58, 59) . Genome-wide location analyses reveal that MvaT and MvaU occupy the same 100 or more AT-rich regions of the genome, and the available evidence suggests that these proteins function coordinately to regulate a common set of genes (9) .
We had shown previously that cells of P. aeruginosa strain PAO1 can tolerate the loss of either MvaT or MvaU but not both (9) . In particular, using a ClpXP protease-based protein depletion system (35) that we adapted for use in P. aeruginosa, we found that depletion of MvaT in cells deleted for mvaU (⌬mvaU cells) or depletion of MvaU in ⌬mvaT cells resulted in either loss of viability or an inability to grow (9) . Furthermore, we found that the combined loss of both MvaT and MvaU had a much greater effect on the expression of MvaT and MvaU target genes than did the loss of either MvaT or MvaU alone (9) . Although it was not known why the activities of MvaT and MvaU were essential in P. aeruginosa, these prior findings raised the possibility that derepression of certain MvaT/MvaU target genes might be lethal to the cell. Here we present evidence that the essential function of MvaT and MvaU is to repress the expression of prophage genes.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. P. aeruginosa strains PAO1, PAO1 cupA lacZ, PAO1 ⌬mvaT cupA lacZ, PAO1 ⌬mvaU cupA lacZ, PAO1 ⌬mvaU, PAO1 ⌬sspB ⌬mvaU, PAO1 ⌬sspB cupA lacZ MvaT-V-DAS4, and PAO1 ⌬sspB ⌬mvaU cupA lacZ MvaT-V-DAS4 have been described previously (9, 59) . Escherichia coli strain SM10 (pir) was used to mate plasmids into P. aeruginosa and as the recipient strain for the construction of plasmid pBAM1. E. coli strain DH5␣F=IQ (Invitrogen) was used as the recipient strain for the construction of all other plasmids. When growing E. coli, antibiotics were used when necessary at the following concentrations: gentamicin, 15 g/ml; carbenicillin, 100 g/ml. When growing P. aeruginosa, antibiotics were used when necessary at the following concentrations: gentamicin, 25 g/ml for liquid cultures, 30 g/ml for solid LB medium, and 60 g/ml for Pseudomonas isolation agar (PIA) medium (BD Diagnostic Systems); tetracycline, 35 g/ml for LB medium and 250 g/ml for PIA medium.
Construction of strains and plasmids. P. aeruginosa strain PAO1 ⌬sspB ⌬mvaU MvaT-VDAS4 synthesizes a modified version of MvaT (MvaT-VDAS4) that contains an epitope tag from the vesicular stomatitis virus glycoprotein (VSV-G) together with a so-called DAS4 depletion tag at its C terminus (9) . Strain PAO1 ⌬sspB ⌬mvaU MvaT-VDAS4 was constructed using plasmid pEX-MvaT-VDIV to modify the native copy of the mvaT gene in strain PAO1 ⌬sspB ⌬mvaU such that it specified MvaT-VDAS4. Plasmid pEX-MvaT-VDIV was made in two steps. First, a 447-bp HindIII/BamHI DNA fragment from pMvaT-VDIV (9) corresponding to the 3= portion of the mvaT gene fused in frame with DNA specifying the V-DAS4 tag was cloned into pEXG2 (47) that had been cut with HindIII and BamHI, yielding plasmid pEX-MvaT-VDIV-partial. Second, 457 bp of DNA downstream of the mvaT gene was amplified by PCR, digested with BamHI and XhoI, and cloned into BamHI-and XhoI-digested pEXMvaT-VDIV-partial, generating plasmid pEX-MvaT-VDIV. This plasmid was then used to create the PAO1 ⌬sspB ⌬mvaU MvaT-VDAS4 depletion strain by allelic exchange (26) . Integration of the V-DAS4 tag was confirmed by PCR, and production of the MvaT-VDAS4 fusion protein was confirmed by a Western blot analysis using an anti-VSV-G antibody (Sigma-Aldrich) as described previously (10) .
Plasmid pBAM1 is a suicide delivery vector that confers resistance to carbenicillin, contains an R6K origin of replication, contains a mariner C9 transposase, and was made by replacing the transposon-housed aacC1 gene (which confers resistance to gentamicin) of plasmid pBTK30 (20) with a tetracycline resistance gene.
Deletion constructs for pilY1 (PA4554) and PA0728 were generated by amplifying flanking regions by PCR and then splicing the flanking regions together by overlap extension PCR. The resulting PCR products were then cloned on XbaI/BamHI fragments into plasmid pEXG2 (47) , yielding plasmids pEX-⌬PA4554 and pEX-⌬PA0728. Plasmid pEX-⌬PA4554 was used to create strains PAO1 ⌬sspB ⌬mvaU ⌬pilY1 and PAO1 ⌬sspB ⌬mvaU ⌬pilY1 MvaT-VDAS4, containing deletions of the pilY1 gene, by allelic exchange. Plasmid pEX-⌬PA0728 was used to create strains PAO1 ⌬sspB ⌬mvaU ⌬PA0728, PAO1 ⌬sspB ⌬mvaU ⌬pilY1 ⌬PA0728 MvaT-VDAS4, and PAO1 ⌬sspB ⌬mvaU ⌬PA0728 MvaT-V-DAS4, containing deletions of the PA0728 gene, by allelic exchange. Deletions were confirmed by PCR.
The PAO1 ⌬sspB ⌬mvaU ⌬pilY1 attTn7::P tac -pilY1 MvaT-VDAS4 strain contains a construct which directs the synthesis of the PilY1 protein under the control of the IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible tac promoter stably integrated into the genome in single copy at the attTn7 locus. To make this strain, we first replaced the lac promoter of plasmid pUC18-mini-Tn7T-LAC (12) with the stronger tac promoter (14) , creating plasmid pUC18-mini-Tn7T-tac. A SacI-SpeI-digested DNA fragment containing a consensus Shine-Dalgarno sequence and the P. aeruginosa pilY1 gene was then inserted downstream of the tac promoter on pUC18-mini-Tn7T-tac, generating plasmid pUC18-miniTn7T-tac-pilY1. This plasmid was used to make strain PAO1 ⌬sspB ⌬mvaU ⌬pilY1 attTn7::P tac -pilY1 MvaT-VDAS4 by site-specific recombination with strain PAO1 ⌬sspB ⌬mvaU ⌬pilY1 MvaT-VDAS4 as the recipient (12) .
The PAO1 ⌬sspB ⌬mvaU ⌬PA0728 attTn7::P tac -PA0728 MvaT-VDAS4 strain contains a construct which directs the synthesis of the PA0728 protein under the control of the IPTG-inducible tac promoter stably integrated into the genome in single copy at the attTn7 locus. A SacI/KpnI PCR-amplified DNA fragment specifying a consensus ShineDalgarno sequence and the P. aeruginosa PA0728 gene was inserted downstream of the tac promoter on pUC18-mini-Tn7T-tac, generating plasmid pUC18-mini-Tn7T-tac-PA0728. This plasmid was used to make strain PAO1 ⌬sspB ⌬mvaU ⌬PA0728 attTn7::P tac -PA0728 MvaT-VDAS4 by site-specific recombination with strain PAO1 ⌬sspB ⌬mvaU ⌬PA0728 MvaT-VDAS4 as the recipient (12) .
Plasmid pEX2-⌬mvaT was made by subcloning the portion of plasmid pEX-⌬mvaT (59) that contains the flanking regions of the mvaT gene into plasmid pEXG2 (47) . Strains containing in-frame deletions of both mvaT and mvaU (PAO1 ⌬mvaT ⌬mvaU) were then made by allelic exchange using plasmid pEX2-⌬mvaT and strain PAO1 ⌬mvaU as the recipient. Note that colonies of the PAO1 ⌬mvaT ⌬mvaU double mutant strains took several days to appear on LB agar sucrose counterselection plates at 30°C and that 10 independent isolates of the same strain were taken for study. Deletion of mvaT in each of these isolates was confirmed by PCR.
Construction of the transposon mutant library and selection and identification of transposon mutants that tolerate the loss of both MvaT and MvaU. A library of transposon insertion mutants was generated by mobilizing pBAM1 from E. coli SM10 ( pir) into the PAO1 ⌬sspB ⌬mvaU MvaT-VDAS4 depletion strain by filter mating (67) . Transconjugants were selected on PIA plates supplemented with 250 g/ml tetracycline. Approximately 2 ϫ 10 5 mutants were pooled for the screen. Plasmid pV-SspB, directing the IPTG-inducible synthesis of V-SspB and conferring resistance to gentamicin (9) , was introduced into the library of mutants by electroporation. Mutants that survived depletion of MvaT-VDAS4 were selected on LB agar plates supplemented with 30 g/ml gentamicin and 2 mM IPTG. The location of the transposon in each mutant was determined by arbitrary PCR followed by DNA sequencing (20) .
Twitching motility. Subsurface twitching motility was assayed essentially as described previously (3) . Bacteria were stab inoculated through a thin layer of LB agar (1% agar) supplemented with 2 mM IPTG to the bottom of the petri dish. After incubation for ϳ22 h at 37°C, the twitching capacity was examined by removing the agar, washing away the unattached cells with water, and staining the attached cells with Coomassie blue (PhastGel Blue R; Sigma-Aldrich).
RNA isolation and qRT-PCR. To examine the effects of MvaT depletion on gene expression in the absence or presence of MvaU (see Fig. 3C ), cells of P. aeruginosa strains PAO1 ⌬sspB ⌬mvaU cupA lacZ MvaT-V-DAS4 and PAO1 ⌬sspB cupA lacZ MvaT-V-DAS4 carrying either plasmid pV-SspB or plasmid pPSV35 were grown as previously described in the presence of IPTG for 30 min (9). To examine the effects of the mvaT and mvaU deletions on gene expression (see Fig. 3C ), cells of P. aeruginosa strains PAO1 cupA lacZ, PAO1 ⌬mvaT cupA lacZ, and PAO1 ⌬mvaU cupA lacZ were grown to mid-log phase as described previously (9) . RNA isolation, cDNA synthesis, and quantitative real-time reverse transcriptase PCR (qRT-PCR) to measure the abundance of a particular transcript relative to that of the clpX transcript were as described previously (9) .
Bacteriophage plaque assays. Pf4 phage plaque assays were performed as described by Rice et al. with minor modifications (46) . Overnight cultures were centrifuged and filter sterilized using a 0.45-m-poresize filter. The cell-free supernatants were spotted onto an LB top agar medium containing 0.8% (wt/vol) agar seeded with P. aeruginosa strain PAO1 ⌬sspB ⌬mvaU ⌬PA0728 MvaT-VDAS4 or PAO1 ⌬sspB ⌬mvaU ⌬pilY1 MvaT-VDAS4 recipient cells from overnight cultures (approximately 1 ϫ 10 8 cells/ml). The plates were incubated at 37°C overnight. To confirm production of the replicative form (RF) of bacteriophage Pf4, an 839-bp region of DNA formed upon circularization of the Pf4 genome was amplified by PCR with primers Pf4F and Pf4R as described previously (61) .
RESULTS

Identification of transposon insertion mutants that tolerate the loss of both MvaT and MvaU.
We reasoned that MvaT and MvaU are essential in the absence of the partner regulator because the uncontrolled expression of a subset of MvaT/MvaU target genes results in lethality. To test whether this might be the case, we sought to identify transposon insertion mutants that could tolerate the loss of both MvaT and MvaU. Our strategy for identifying such mutants involved mutagenizing a strain of PAO1 in which the mvaU gene was deleted and then selecting for those mutants that survived following the depletion of MvaT (i.e., that survived when both MvaU and MvaT were absent). In order to be able to deplete MvaT in a controlled fashion, we made use of the ClpXP protease-based protein depletion system we had used previously to deplete MvaT in P. aeruginosa (9) (Fig. 1 ). This system involves the fusion of a small peptide tag, the so-called DAS4 tag, to the C terminus of a protein of interest. The DAS4 tag contains a lowaffinity binding site for ClpX and a high-affinity binding site for the adaptor protein SspB that feeds the tagged protein to the ClpXP protease complex (35) . This enables a tagged protein to be degraded by ClpXP at a rate that is determined by the intracellular concentration of SspB (35) . The MvaT depletion strain we used for these experiments (PAO1 ⌬sspB ⌬mvaU MvaT-VDAS4) carries a deletion of the native sspB gene and a deletion of the native mvaU gene and harbors a modified mvaT gene that specifies MvaT with both a vesicular stomatitis virus glycoprotein (VSV-G) epitope tag and a DAS4 tag at its C terminus (MvaT-VDAS4) ( Fig. 1 ).
To identify mutants that can tolerate the loss of both MvaT and MvaU, cells of the PAO1 ⌬sspB ⌬mvaU MvaT-VDAS4 depletion strain were first mutagenized with a mariner transposon. Cells of the resulting transposon mutant library were transformed with plasmid pV-SspB, which directs the IPTG-controlled synthesis of SspB with an N-terminal VSV-G tag (V-SspB) (9) . Transformants were then plated on LB agar plates containing IPTG to deplete MvaT-VDAS4. Table 1 indicates the location of the transposon in each of 61 unique insertion mutants of the depletion strain that grew in the presence of IPTG and in which depletion of MvaT-VDAS4 was confirmed by Western blotting (data not shown). The majority of mutants contained insertions in genes encoding components, assembly factors, or regulators of type IV pili, which have been implicated in both virulence and biofilm formation in P. aeruginosa (43, 54) and are responsible for a form of surface-associated motility, referred to as twitching motility, that is mediated by cycles of pilus extension and retraction (7, 34, 50) (Table 1) . Another prominent class of mutants that tolerated the loss of both MvaT and MvaU comprised those with insertions within the Pf4 prophage (61, 62) ( Table 1 ).
Cells that no longer produce type IV pili or bacteriophage Pf4 can tolerate the loss of both MvaT and MvaU. To confirm that the loss of type IV pili or the loss of the replicative form of bacteriophage Pf4 results in cells that can tolerate the loss of both MvaT and MvaU, we tested the effect of deleting the pilY1 and PA0728 genes, as pilY1 is known to be required for the production of type IV pili and PA0728 is predicted to be important for the production of Pf4; pilY1 encodes a protein that is typically required for type IV pilus biogenesis (23, 41) and was hit in our transposon mutant screen (Table 1) , whereas PA0728 is a gene whose ortholog in P. aeruginosa strain PA14 has been shown to be required for production of the replicative form of phage Pf5, a phage that is highly related to Pf4 (36) . We therefore deleted the pilY1 and PA0728 genes in our PAO1 ⌬sspB ⌬mvaU MvaT-VDAS4 depletion strain, creating strains PAO1 ⌬sspB ⌬mvaU ⌬pilY1 MvaT-VDAS4 and PAO1 ⌬sspB ⌬mvaU ⌬PA0728 MvaT-VDAS4, respectively. We also constructed two control strains. The first of these was a derivative of the PAO1 ⌬sspB ⌬mvaU ⌬pilY1 MvaT-VDAS4 depletion strain in which the pilY1 gene is supplied in trans under the control of an IPTG-inducible promoter from the Tn7 attachment site on the PAO1 chromosome (PAO1 ⌬sspB ⌬mvaU ⌬pilY1 attTn7:: P tac -pilY1 MvaT-VDAS4). The second control strain was a derivative of the PAO1 ⌬sspB ⌬mvaU ⌬PA0728 MvaT-VDAS4 depletion strain in which the PA0728 gene is supplied in trans under the control of an IPTG-inducible promoter from the Tn7 attachment site (PAO1 ⌬sspB ⌬mvaU ⌬PA0728 attTn7::P tac -PA0728 MvaT-VDAS4). We then transformed cells of the PAO1 ⌬sspB ⌬mvaU MvaT-VDAS4 depletion strain and cells of each of the corresponding mutant and control strains with plasmid pV-SspB and asked whether depletion of MvaT-VDAS4 can be tolerated in these cells by plating transformants on LB agar plates that either did or did not contain IPTG. The results depicted in Fig. 2A show that cells of the PAO1 ⌬sspB ⌬mvaU MvaT-VDAS4 depletion strain containing plasmid pV-SspB gave rise to colonies in the absence but not the presence of IPTG. This is consistent with our previous demonstration that depletion of MvaT cannot be tolerated in cells of an ⌬mvaU mutant strain (9) . Figure 2A also shows that the depletion of MvaT can be tolerated in ⌬mvaU mutant cells that harbor deletions of either pilY1 or PA0728 and that the effects of the pilY1 or PA0728 deletion can be complemented by supplying pilY1 or PA0728, respectively, in trans. Similar results were obtained with a pilC mutant derivative of the PAO1 ⌬sspB ⌬mvaU MvaT-VDAS4 depletion strain (data not shown). Taken together, these findings suggest that cells that no longer produce type IV pili or cells that no longer produce the replicative form of Pf4 can tolerate the loss of both MvaT and MvaU. The results depicted in Fig. 2A show that although ⌬pilY1 and ⌬PA0728 mutants can tolerate the loss of both MvaT and MvaU, deletion of pilY1 alone or deletion of PA0728 alone appears to be insufficient to allow cells to grow at wild-type rates when both MvaT and MvaU are absent (as suggested by the difference in colony size observed between plates that contain IPTG and plates that do not). We therefore next asked whether combining both the pilY1 and PA0728 deletions would allow cells to grow at rates closer to wild-type rates when both MvaU and MvaT are absent. Cells of the PAO1 ⌬sspB ⌬mvaU MvaT-VDAS4 depletion strain containing deletions of both the pilY1 and PA0728 genes (PAO1 ⌬sspB ⌬mvaU ⌬pilY1 ⌬PA0728 MvaT-VDAS4) and carrying the pV-SspB plasmid gave rise to colonies on IPTG-containing medium that were no larger than those formed by cells of the corresponding individual ⌬pilY1 or ⌬PA0728 mutant depletion strain containing the same plasmid ( Fig. 2A) . This finding suggests that the effects of the pilY1 and PA0728 deletions on the growth of cells that lack both MvaT and MvaU are dependent upon one another. Note, however, that this apparent dependency was not able to be explained through an effect of Pf4 on the production or function of type IV pili, as deletion of the PA0728 gene, unlike deletion of the pilY1 gene, has no effect on twitching motility (Fig. 2B) .
Loss of both MvaT and MvaU results in an increase in expression of Pf4 genes. We have previously used chromatin immunoprecipitation coupled with high-density DNA microarrays (ChIPchip) to identify those regions of the P. aeruginosa chromosome that are associated with MvaT and MvaU (9) . Analysis of these chromosomal regions revealed that both MvaT and MvaU are directly associated with a subset of the genes that encode components of the type IV pilus (Fig. 3A) and are directly associated with carrying the plasmid pV-SspB that were grown overnight at 37°C on LB agar plates that either contained IPTG (ϩIPTG) or did not (ϪIPTG); images are from separate agar plates. All cells contained deletions of sspB and mvaU, and additional relevant genotypes are indicated. MvaT-VDAS4, PAO1 ⌬sspB ⌬mvaU MvaT-VDAS4; ⌬pilY1 MvaT-VDAS4, PAO1 ⌬sspB ⌬mvaU ⌬pilY1 MvaT-VDAS4; ⌬pilY1/P tac -pilY1 MvaT-VDAS4, PAO1 ⌬sspB ⌬mvaU ⌬pilY1 attTn7::P tac -pilY1 MvaT-VDAS4; ⌬PA0728 MvaT-VDAS4, PAO1 ⌬sspB ⌬mvaU ⌬PA0728 MvaT-VDAS4; ⌬PA0728/P tac -PA0728 MvaT-VDAS4, PAO1 ⌬sspB ⌬mvaU ⌬PA0728 attTn7::P tac -PA0728 MvaT-VDAS4; ⌬pilY1 ⌬PA0728 MvaT-VDAS4, PAO1 ⌬sspB ⌬mvaU ⌬pilY1 ⌬PA0728 MvaT-VDAS4. (B) Effects of pilY1 and PA0728 deletions on twitching motility. Cells were grown on LB agar plates containing IPTG; the image is of colonies of Coomassie blue-stained cells attached to the bottom of a single petri dish. WT, wild-type PAO1; ⌬pilY1, PAO1 ⌬sspB ⌬mvaU ⌬pilY1 MvaT-VDAS4; ⌬pilY1/P tacpilY1, PAO1 ⌬sspB ⌬mvaU ⌬pilY1 attTn7::P tac -pilY1 MvaT-VDAS4; ⌬PA0728, PAO1 ⌬sspB ⌬mvaU ⌬PA0728 MvaT-VDAS4; ⌬PA0728/P tac -PA0728, PAO1 ⌬sspB ⌬mvaU ⌬PA0728 attTn7::P tac -PA0728 MvaT-VDAS4; ⌬pilY1 ⌬PA0728, PAO1 ⌬sspB ⌬mvaU ⌬pilY1 ⌬PA0728 MvaT-VDAS4. Experiments were performed at least three times, and representative data sets are shown. a subset of the Pf4 genes (the Pf4 prophage spans from PA0715 to PA0729) (Fig. 3B) . In particular, we found that both MvaT and MvaU were associated with the pilA-pilD genes, the pilY1 gene, the PA0714-PA0717 genes, and the PA0728 gene through the PA0729-PA0730 intergenic region (Fig. 3AB) ; consistent with our previous finding that MvaT and MvaU associate with AT-rich regions of DNA (9), the pilA gene has a GC content of 48.7%, the pilC gene has a GC content of 54.8%, the pilY1 gene has a GC content of 62.7%, the PA0715 gene has a GC content of 39.1%, the PA0716 gene has a GC content of 39.3%, and the PA0729 gene has a GC content of 51.7%, whereas the average GC content for a gene in P. aeruginosa strain PAO1 is 66.6% (51). We therefore wanted to test the possibility that MvaT and MvaU are essential in the absence of the partner regulator because the uncontrolled expression of either certain type IV pilus genes or certain Pf4 genes results in lethality or inhibition of cell growth.
We first asked whether the expression of the pilB, pilY1, PA0718, and PA0729 genes (all direct targets of MvaT and MvaU) increased when both MvaT and MvaU were absent. For these experiments, we used a previously described pair of isogenic ⌬mvaU and mvaU ϩ strains in which MvaT could be depleted upon induction of V-SspB synthesis (9) . Like the MvaT depletion strain described earlier, one of these MvaT depletion strains (PAO1 ⌬sspB ⌬mvaU cupA lacZ MvaT-V-DAS4) contained a deletion of mvaU, whereas the other (PAO1 ⌬sspB cupA lacZ MvaT-V-DAS4) did not. (Note that the MvaT depletion strains PAO1 ⌬sspB ⌬mvaU MvaT-VDAS4, described here, and PAO1 ⌬sspB ⌬mvaU cupA lacZ MvaT-V-DAS4, described previously, are similar to one another but differ with respect to the DNA sequence found immediately downstream of the modified mvaT gene.) Cells of these MvaT depletion strains were transformed with plasmid pV-SspB and an empty control plasmid and grown in LB to mid-log phase.
Cultures were then grown in the presence of IPTG (to induce synthesis of V-SspB in those cells that contained the appropriate vector) for an additional 30 min, and RNA was isolated. The abundance of the pilB, pilY1, PA0718, and PA0728 transcripts was then determined following depletion of MvaT in the mvaU ϩ and ⌬mvaU mutant cells by quantitative real-time RT-PCR (qRT-PCR). The abundance of the same transcripts was also quantified in the control cells in which MvaT was not depleted. The results presented in Fig. 3C show that depletion of MvaT results in an ϳ26-fold increase in expression of PA0718 and an ϳ4-fold in- crease in expression of PA0729 only in the absence of MvaU (i.e., only in cells containing the ⌬mvaU allele). Moreover, quantification of the PA0718 and PA0728 transcripts in cells of a wild-type strain, in cells of an ⌬mvaT mutant strain, and in cells of an ⌬mvaU mutant strain revealed that deletion of mvaT or deletion of mvaU had little effect on expression of either PA0718 or PA0729 (Fig. 3C) . However, depletion of MvaT did not result in any appreciable change in expression of the pilB or pilY1 gene, regardless of whether MvaU was present, and neither did deletion of mvaT or mvaU (Fig. 3C) . Depletion of MvaT did not result in any appreciable change in expression of the pilA gene either (data not shown). Thus, although MvaT and MvaU associate directly with pilA, pilB, pilY1, PA0718, and PA0729, the loss of both MvaT and MvaU results only in an increase in the expression of the PA0718 and PA0729 genes. These findings raise the possibility that an increase in expression of Pf4 genes alone may account for the loss of viability or inhibition of cell growth that occurs in the absence of both MvaT and MvaU.
Pf4 phage cannot form plaques on cells that no longer produce type IV pili. The increase in expression of Pf4 genes that occurs upon the loss of both MvaT and MvaU may, in principle, result in an increase in the single-stranded replicative form of Pf4 and a concomitant increase in the production of Pf4 phage. The resulting phage may subsequently infect cells, leading to cell death or the inhibition of cell growth, explaining why the loss of both MvaT and MvaU results in a loss of viability or inhibition of cell growth and why mutants that cannot produce the replicative form of Pf4 can tolerate the loss of both MvaT and MvaU. Indeed, the addition of purified Pf4 phage to cells of P. aeruginosa strain PAO1 has been shown to result in cell killing by a mechanism that is not understood (62) . If the production of Pf4 phage were responsible for the loss of viability in cells that lack both MvaT and MvaU, then how would the loss of type IV pili allow cells to tolerate the loss of both MvaT and MvaU? Type IV pili serve as receptors for a number of bacteriophages, and type IV pili from P. aeruginosa strain PAK have been shown to bind directly to the Pf4-like bacteriophage Pf1 (28) . Therefore, in order to explain why type IV pilus mutants can tolerate the loss of both MvaT and MvaU, we hypothesized that type IV pili serve as the receptors for Pf4 phage. Mutants that no longer produce type IV pili would be expected to produce Pf4 phage in the absence of both MvaT and MvaU but would be resistant to infection by these phage since they would lack the requisite receptor. To test this possibility, we first attempted to isolate Pf4 phage from the supernatant of a culture of PAO1 ⌬sspB ⌬mvaU ⌬pilY1 MvaT-VDAS4 cells carrying plasmid pV-SspB following depletion of MvaT. As controls, we also attempted to isolate Pf4 phage from the supernatants of cultures of (i) PAO1 cells carrying the empty vector pPSV35, (ii) PAO1 ⌬sspB cells carrying pV-SspB, (iii) PAO1 ⌬sspB ⌬mvaU cells carrying pV-SspB, (iv) PAO1 ⌬sspB ⌬mvaU ⌬pilY1 cells carrying pV-SspB, and (v) PAO1 ⌬sspB ⌬mvaU ⌬PA0728 MvaT-VDAS4 cells carrying pV-SspB. The resulting supernatants were then spotted onto LB agar plates containing top agar seeded with either a recipient PAO1 strain containing a deletion of PA0728 or a recipient PAO1 strain containing a deletion of pilY1. The results depicted in Fig. 4A show that only the supernatant isolated from cells of the PAO1 ⌬sspB ⌬mvaU ⌬pilY1 MvaT-VDAS4 strain in which MvaT was depleted gives rise to a region of clearing on cells of the ⌬PA0728 recipient strain. Similar results were obtained when cells of the wild-type PAO1 strain were used as recipients (data not shown). This is consistent with the idea that infectious Pf4 phage are produced by cells of the PAO1 ⌬sspB ⌬mvaU ⌬pilY1 MvaT-VDAS4 strain upon depletion of MvaT (i.e., only in the absence of both MvaT and MvaU) but not by cells of the PAO1 ⌬sspB ⌬mvaU ⌬PA0728 MvaT-VDAS4 strain upon depletion of MvaT. The finding that the PAO1 ⌬sspB ⌬mvaU ⌬pilY1 MvaT-VDAS4 strain produces Pf4 phage upon depletion of MvaT (Fig. 4A ) but tolerates depletion of MvaT ( Fig. 2A) suggests that it is infection by Pf4, and not the production of Pf4 phage itself, that is responsible for either Cell-free supernatants isolated from cultures of the indicated cells that either did (ϩ) or did not (Ϫ) synthesize V-SspB were spotted onto top agar plates seeded with either cells of a ⌬PA0728 mutant or cells of a ⌬pilY1 mutant. Plates were incubated overnight at 37°C. The ⌬PA0728 recipient strain was PAO1 ⌬sspB ⌬mvaU ⌬PA0728 MvaT-VDAS4, whereas the ⌬pilY1 mutant was PAO1 ⌬sspB ⌬mvaU ⌬pilY1 MvaT-VDAS4. Supernatants were isolated from cultures of PAO1 cells carrying the empty vector pPSV35 (WT), from PAO1 ⌬sspB cells carrying pV-SspB, from PAO1 ⌬sspB ⌬mvaU cells carrying pV-SspB, from PAO1 ⌬sspB ⌬mvaU ⌬pilY1 cells carrying pV-SspB, from PAO1 ⌬sspB ⌬mvaU ⌬pilY1 MvaT-VDAS4 cells carrying pV-SspB, and from PAO1 ⌬sspB ⌬mvaU ⌬PA0728 MvaT-VDAS4 cells carrying pV-SspB. Only the supernatant isolated from PAO1 ⌬sspB ⌬mvaU ⌬pilY1 MvaT-VDAS4 cells carrying pV-SspB gives rise to a region of clearing on cells of the ⌬PA0728 recipient strain due to the presence of Pf4 phage; the region of clearing appears lighter than the rest of the plate in this image because it contains fewer cells. the cell death or the inhibition of cell growth that occurs upon the loss of both MvaT and MvaU.
The results depicted in Fig. 4A also show that the same supernatant that gave rise to a region of clearing on cells of the ⌬PA0728 recipient strain does not give rise to a region of clearing on cells of the ⌬pilY1 recipient strain. This is consistent with the idea that ⌬pilY1 mutants are resistant to infection by Pf4. To confirm that cells of the PAO1 ⌬sspB ⌬mvaU ⌬pilY1 MvaT-VDAS4 strain in which MvaT was depleted contained more of the replicative form of phage Pf4 than cells in which MvaT was not depleted, we used PCR to semiquantitatively measure the abundance of the replicative form of PF4. The results depicted in Fig. 4B show that compared to the control cells (lanes 1 to 4) , the replicative form of Pf4 is more abundant in cells of the PAO1 ⌬sspB ⌬mvaU ⌬pilY1 MvaT-VDAS4 strain in which MvaT was depleted (lane 5). Note that the replicative form of Pf4 was detectable in all the control cells that were tested (lanes 1 to 4) except for those containing a deletion of PA0728 (lane 6), consistent with the idea that PA0728 is essential for the production of the replicative form of Pf4 (36) .
Taken together, our findings suggest that the loss of both MvaT and MvaU results in an increase in expression of Pf4 genes and concomitant production of infectious Pf4 phage. These phages then go on to infect those cells that are producing them in a manner that is dependent upon the presence of the type IV pilus. Superinfection by these phages subsequently results in either cell death or inhibition of cell growth.
Mutants that contain deletions of both mvaT and mvaU are defective for twitching motility or do not produce the replicative form of Pf4. A previous report demonstrated that cells of P. aeruginosa strain PAO1 that contain deletions of both the mvaT and mvaU genes are viable (31) . This finding appears to contradict our findings that MvaT and MvaU are essential in the absence of the partner regulator (9) (Fig. 2A) . We therefore wondered whether cells that contain deletions of both mvaT and mvaU might be viable because they contain suppressor mutations that either render them incapable of producing type IV pili or render them incapable of producing the replicative form of Pf4. To test this idea, we deleted the mvaT gene from cells of a previously constructed PAO1 ⌬mvaU mutant strain (59) and asked whether any of the resulting mutants exhibited defects in twitching motility (indicating that they no longer produced functional type IV pili) or no longer produced the replicative form of Pf4. Of the 10 independent PAO1 ⌬mvaU ⌬mvaT mutants that we constructed and tested, nine were completely defective for twitching motility and one no longer produced detectable amounts of the replicative form of Pf4 (see Fig. S1 in the supplemental material). These findings, taken together with our other findings, suggest that cells containing deletions of both mvaT and mvaU are viable because they contain suppressor mutations that either affect the ability to produce type IV pili or affect the ability to produce the replicative form of phage Pf4.
DISCUSSION
MvaT and MvaU have shared functions that are essential in P. aeruginosa (9) . We have obtained evidence that in P. aeruginosa strain PAO1, the essential activity of these H-NS family members is to repress expression of Pf4 genes. MvaT and MvaU associate directly with a portion of the Pf4 genome, and we found that the loss of both MvaT and MvaU results in an increase in the expression of Pf4 genes and in the production of infectious Pf4 phage.
These phages subsequently infect cells, leading to cell death or the inhibition of cell growth. In support of this idea, we found that cells that can no longer produce Pf4 phage can tolerate the loss of both MvaT and MvaU, as can cells that no longer produce type IV pili because type IV pili likely act as the receptors for Pf4 phage.
We hypothesized that MvaT and MvaU are essential in the absence of the partner regulator because the uncontrolled expression of a subset of MvaT/MvaU target genes results in lethality. Indeed, we had shown previously that the combined loss of MvaT and MvaU had a much greater effect on the expression of MvaT and MvaU target genes than did the loss of either MvaT alone or MvaU alone (9) . This is presumably because MvaT and MvaU associate with the same regions of the chromosome and because these H-NS family members control each other's production (9, 59) ; the increased intracellular concentration of MvaT found in ⌬mvaU mutant cells and the increased intracellular concentration of MvaU found in ⌬mvaT mutant cells likely obscure the individual contributions of MvaT and MvaU to the regulation of specific target genes (59) . We found that depletion of MvaT in an ⌬mvaU mutant background resulted in a large increase in expression of Pf4 genes that were found to be associated with MvaT and MvaU in our ChIP-chip studies. We also found that depletion of MvaT in an ⌬mvaU mutant background resulted in the production of infectious Pf4 phage and that cells lacking the PA0728 gene, which is essential for making the replicative form of Pf4, grew in the absence of both MvaT and MvaU. Taken together, these findings suggest that the essential activity of MvaT and MvaU is to repress expression of the Pf4 genes.
We performed a genetic screen for mutants that can tolerate the loss of both MvaT and MvaU. The most common class of mutant identified in this screen contained a transposon inserted into a gene encoding a component, an assembly factor, or a regulator of type IV pili. We do not think that uncontrolled expression of the type IV pilus genes is what accounts for the loss of viability or inhibition of cell growth that occurs in the absence of MvaT and MvaU. Although the loss of both MvaT and MvaU resulted in derepression of Pf4 gene expression, it had no detectable effect on the expression of the pilA, pilB, and pilY1 genes despite both MvaT and MvaU being associated with all three of these genes. As H-NS family members are known to contribute to nucleoid compaction (60) , it is possible that the binding of MvaT and MvaU to type IV pilus genes contributes to chromosome organization. To explain the results of the genetic screen, we propose that type IV pili serve as the receptors for Pf4 phage and that cells that no longer produce type IV pili can tolerate the loss of MvaT and MvaU because they are immune to superinfection by Pf4. Consistent with this idea, we found that the PF4 phage produced by ⌬mvaU ⌬pilY1 cells upon depletion of MvaT could not form plaques on a ⌬pilY1 recipient strain. Indeed, several other studies support the notion that type IV pili can act as receptors for phage Pf4. Phage Pf1 (from a strain of P. aeruginosa other than PAO1), which is highly related to Pf4, has been shown to infect cells through type IV pili (25) and has been shown to interact directly with type IV pili isolated from P. aeruginosa strain PAK (28) .
Our findings that the ⌬pilY1 mutant produces infectious Pf4 phage in the absence of MvaT and MvaU yet is itself resistant to infection by Pf4 suggest that it is infection by Pf4, as opposed to production of Pf4, that results in cell death or the inhibition of cell growth when MvaT and MvaU are absent. This is consistent with the previous demonstration that the addition of purified Pf4 phage to cells of a biofilm results in cell death (62) . Although it is not yet known why infection by Pf4 phage results in lethality, it is known that Pf4 phage are produced by cells in biofilms (45, 62, 65) and that cells that lack the Pf4 prophage fail to undergo autolysis in mature biofilms and form smaller microcolonies than wildtype cells (46) . Superinfection by Pf4 therefore appears to influence biofilm formation, possibly through an effect on cell lysis, and it has been suggested that the effect of Pf4 on biofilm development may explain why Pf4 plays a role in the virulence of P. aeruginosa (46) .
We found that cells containing deletions of both mvaT and mvaU likely contain suppressor mutations that render cells either incapable of producing functional type IV pili (i.e., defective for twitching motility) or incapable of producing the replicative form of Pf4. These findings resolve the apparent discrepancy between our earlier findings obtained through protein depletion, that the loss of both MvaT and MvaU cannot be tolerated (9) , and the previous demonstration that cells containing deletions of both mvaT and mvaU are viable (31) . We note that, consistent with the findings reported here, activation of Pf4 prophage was observed previously in cells containing deletions of both mvaT and mvaU (31) .
H-NS family members appear to be essential in several different bacteria (5, 18, 24, 37) . In Salmonella, in which the ability of H-NS to repress the expression of genes on pathogenicity islands is key to the fitness of the cell, H-NS does not appear to associate with prophage DNA, presumably because the AT content of these regions is similar to that of the rest of the genome and, thus, not sufficiently high (33) . We have obtained evidence that in P. aeruginosa strain PAO1, the ability of the H-NS family members MvaT and MvaU to associate with prophage DNA and repress the expression of phage genes is essential. However, repression of Pf4 gene expression evidently is not the only important function of MvaT and MvaU. Cells lacking both MvaT and MvaU that contain suppressor mutations that influence either type IV pilus or Pf4 production do not appear to grow as well as wild-type cells. Our suppressor analysis therefore suggests that there are other important functions of MvaT and MvaU that remain to be determined.
